In upper mesosphere, strength of annual oscillations is substantial in NH, while semi-annual oscillations are stronger in SH. Wavelet analyses found that annual oscillations are significant in NH near mesopause, while semi-annual oscillations are strengthening in SH.
Introduction
Northern Hemisphere (NH) and Southern Hemisphere (SH) have varying and diverse geophysical processes due to differences in land cover, ocean extents, radiative fluxes, etc. NH has about 90 % of the population while SH has large oceanic region. Due to lesser human existence in the SH, studies of the Earth's atmosphere are relatively less in general, and in particular, middle atmospheric studies are sparser as it is rather difficult to probe middle atmosphere from ground based instruments. Thermal structure is one of the efficient approach to understand inter-hemispheric coupling of the middle atmosphere. Kornich and Becker (2010) found that anomalous stratospheric and mesospheric features are due to residual circulation pattern. To enhance our scientific understanding of the middle atmosphere, it is crucial to compare the NH and SH processes using similar kind of observations from various observing platforms and numerical models. Hauchecorne et al. (1991) were the first to establish middle atmospheric temperature climatology using Rayleigh Lidar observations from two stations in France. Later, Gobbi et al. (1995) presented a mid-latitude temperature variability over Frascati (42°N, 13 .6° E). Temperature climatology of the middle atmosphere (from ~30 to Abstract The temperature retrieved from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) onboard Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite during January 2002 to September 2015 are used in this study to delineate the differences of middle atmospheric thermal structure in the Northern Hemisphere (NH) and Southern Hemisphere (SH). Two stations namely Mt. Abu (24.59°N, 72.70°E) in NH and Reunion Island (21.11°S, 55.53°E) in SH are chosen over sub-tropical regions. Temperature climatology from SABER observations suggests that stratopause is warmer, and upper mesosphere is cooler in NH as compared to SH. Three atmospheric models are used to understand the monthly thermal structure differences for different altitudes. Moreover, semi-annual, annual and quasi-biennial oscillations are studied using Lomb Scargle Periodogram and Wavelet transform techniques. Over NH, summer and winter season are warmer (~4 K) and cooler (~3 K) respectively in stratosphere as compared to SH. It is important to note here that Mt. Abu temperature is warmer (~9 K) than Reunion Island in winter but in summer season Mt. Abu temperature is cooler in upper mesosphere and above mesosphere NH shows warming. Results show that annual oscillations are dominated in both hemisphere as compared to semi-annual and quasi-biennial oscillations.
1 3 90 km) have been studied by several groups (e.g., Barnett and Corney 1985; Chanin et al. 1985; Jenkins et al. 1987; Hauchecorne et al. 1991; Clancy et al. 1994; Whiteway and Carswell 1994; Leblanc et al. 1998; Bencherif et al. 2000; Gardner et al. 2001; Nee et al. 2002; Sivakumar et al. 2003; Randel et al. 2004; Argall and Sica 2007; Gerding et al. 2008; Li et al. 2008; Batista et al. 2008 Batista et al. , 2009 Kishore Kumar et al. 2008; Dou et al. 2009 , Sivakumar et al. 2011 Sharma et al. 2006 Sharma et al. , 2012 Sharma et al. , 2015 . Thermodynamic profiles from troposphere to mesosphere were studied by various groups using Lidars (e.g., Hauchecorne et al. 1992; Gross et al. 1997 and reference therein). Namboothiri et al. (1999) compared satellite retrieved temperature profiles and CIRA-86 (COSPAR International Reference Atmosphere) model with Lidar and Rocket measured profiles and found that the Lidar temperatures are agreeing well with rocket and satellite borne measurements. Ground based Lidar measured temperatures were also used for the validation of several remote sensing instruments e.g. Microwave Limb Sounder (MLS), HALOE (Halogen Occultation Experiment) onboard UARS (e.g., Remsberg et al. 2002; Cooper 2004, Sica et al. 2008 and references therein) . Over the Indian tropical latitudes in NH, thermal structure was studied initially from rocket borne observations (Sasi and Sengupta 1979; Lal et al. 1979; Sasi 1994; Mohankumar 1994 ) and later using ground based Lidar measurements (e.g., Parameswaran et al. 2000; Sivakumar et al. 2003; Chandra et al. 2005; Sharma et al. 2006 Sharma et al. , 2012 Sharma et al. , 2015 . A study using 14 years of Lidar data on the seasonal thermal amplitude were reported by Batista et al. (2009) at Sao Jose dos Campos, Brazil (23°S, 46°W) in the SH and found significant differences in the temperatures simulated from the atmospheric model. Another Lidar based study of middle atmospheric thermal structure in the SH at Reunion Island (21.11°S, 55.53°E) was presented by Sivakumar et al. (2011) . They reported that the Lidar observed profiles are in qualitative agreement with the satellite observations. In addition, few studies are available in SH covering low latitudes and sub-tropics (e.g., Bencherif et al. 2000; Morel et al. 2002; Batista et al. 2008 Batista et al. , 2009 ). Vertical profiles of temperature are also available from HALOE onboard UARS (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , COSMIC (Constellation Observing System for Meteorology, Ionosphere, and Climate) and other GPSRO (Global Positioning System Radio Occultation) mission, hyperspectral infrared sounder on board AQUA, and SABER (Sounding of the Atmosphere using Broadband Emission Radiometry) onboard TIMED (Thermosphere Ionosphere Mesosphere Energetics and Dynamics). Simultaneous observations in the stratosphere and mesosphere from these instruments have further provided a platform to study the coupling between different regions and this further lead to improved skill of model predictions.
Gravity waves (GW) and planetary waves (PW) characteristics are highly varying regionally and seasonally over the globe, and have significant differences in the NH and SH (Fritts and Vanzandt 1993; Fritts and Alexander 2003) . Waves of non-orographic origin modulate winds at mesospheric heights, and even affect total stratosphere in the tropical and sub-tropical regions, and are one of the major drivers of the Quasi Biennial Oscillations (QBO) and SemiAnnual Oscillations (SAO) (e.g., Alexander and Rosenlof 1996; Baldwin et al. 2001; Giorgetta et al. 2002; Pulido and Thuburn 2008; Sato et al. 2009 and reference therein). The SAO are also playing a vital role in deciding overall dynamics of the Earth's atmosphere (Garcia et al. 1997) . Features of stratospheric stationary planetary waves (SPW) in the NH and SH was presented by various authors (e.g., Hirota et al. 1983; Hartmann et al. 1984; Mechoso et al. 1985; Shiotani and Hirota 1985; Andrews 1989 (Matthes et al. 2013 ).
Latitudinal coupling is another very pertinent aspect for the study of atmospheric system in whole. Tropical and sub-tropical regions are very much prone to be influenced by different hemispheres as being close to the equator. Stronger equatorial processes in either of the hemispheres modulates each other. Therefore, it is very much needed to explore different atmospheric regions of the NH and SH to quantify the similarities, differences and anomalies in the tropical and sub-tropical regions of the different hemispheres. Present study is focussed on the middle atmospheric thermal structures and characteristics of SAO, AO (Annual Oscillations) and QBO over two regions, Mt. Abu in the NH, and Reunion Island almost at similar latitude in the SH, using SABER onboard TIMED satellite during January 2002 to September 2015. Similarities and differences in thermal fields and oscillations have been extensively analysed, and findings are discussed using LombScargle Periodogram, and to further delineate the presence of SAO, AO and QBO using wavelet techniques.
Instrumentation and data
In this paper, we have used observations from SABER onboard TIMED satellite from January 2002 to September 2015 over Mt. Abu, a subtropical location in the NH, and over Reunion Island which is located in the sub-tropics of the SH (Fig. 1) . Radiometric technique have been exploited effectively to retrieve vertical temperature profiles in SABER. It measures radiations from 1.27 to 17 µm covering ten spectral channels in limb direction. The temperature in the stratosphere-mesosphere-lower thermosphere is retrieved from atmospheric CO 2 emission at 15 µm (Mertens et al. 2001 (Mertens et al. , 2009 ). The SABER on-board TIMED satellite covers 15 orbits in a day at an altitude of about 625 km having an orbital inclination of 74.1° to the equator. Mertens et al. (2001) and Remsberg et al. (2008) presented an extensive study on the observational and retrieval errors in the SABER observed temperatures. Mertens et al. (2001) reported uncertainty in the retrieval and found that it is about 1.4 K at 80 km and 22.5 K at 110 km. The SABER measurements have been used in the 5° × 5° latitude-longitude grid, centred over Mt. Abu and Reunion. 
Temporal variations
The aim of this study is to understand the characteristics of sub-tropical middle atmosphere in NH and SH. To understand the behaviour of stratosphere-mesosphere thermal structure in two different hemispheres, SABER onboard TIMED satellite observations are used in this study from 20 to 100 km vertically during January 2002 to September 2015. Temporal variation of SABER retrieved monthly mean temperature during study period for Reunion station is shown in Fig. 2a , and the moving annual average temperature difference between Mt. Abu and Reunion temperature observations is depicted in Fig. 2b . As compared to Mt. Abu, stratopause temperature (at ~47 km) is relatively less (~2 K) in Reunion Island, which can be easily detected from Fig. 2b . It is interesting to note that Mt. Abu temperatures are higher than Reunion temperatures above 70-80 km. These differences reach up to larger than 5 K. In general, mean climatological behaviour of upper mesosphere shows that NH has higher temperature as compared to SH. Kang et al. (2013) used surface temperature data and re-investigated Croll's 140-year-old theory (Croll 1870 ) that NH is warmer than SH due to northward crossequatorial ocean heat transport. This may be due to a transient response of greenhouse gas forcing because the NH has larger land regions which warm faster than oceanic region (Philander et al. 1996; Kang et al. 2013 ). The different characteristics of lower tropospheric temperature affect the Gravity waves, which influences subsequently to middle atmosphere. Fritts (1990) studied that both hemispheres reveal similar Gravity waves characteristics in lower and middle atmosphere mainly in case of scales, growth of amplitude with height. However, significant differences were found by authors in the wave spectra and their influences in different hemispheres. Gravity waves transport momentum from lower atmosphere to upward direction (e.g., Fritts and Alexander 2003; Sato et al. 2012) . Becker et al. (2004) found inter-hemispheric coupling of the middle atmospheric circulations in a case study. Kornich and Becker (2010) also discussed the inter-hemispheric coupling and essential steps of this coupling were presented in details by Karlsson et al. (2009) . In mesosphere at 70-80 km, Fig. 2b shows that temperature is higher in NH against SH. Monthly climatology is prepared using SABER retrieved temperature profiles from 14 years of observations. Figure 3 shows that higher than 250 K temperature is observed at stratopause region over Mt. Abu as well as over Reunion Island. The NH (Fig. 3a) shows maximum warming in April and May months (~265 K), this higher temperature values are not found in Reunion Island (Fig. 3b) . Mt. Abu region shows cooler temperature in upper mesosphere during winter season (November to January) over NH. This cold temperature reaches up to 90 km altitude. In contrary to these changes in the NH, the SH also shows cooler temperature in the months of June and July. The difference between Mt. Abu and Reunion temperature (Fig. 3c) shows that higher temperature is found in upper mesosphere except May to September months. Cooler temperature is seen in mesopause over SH during April to October months. Moreover, high temperature is found in lower mesosphere in NH compared to SH during November to February months. In general, stratosphere shows higher temperature at Mt. Abu compared to Reunion Island (Fig. 3c) .
Climatology of monthly temperature anomaly, defined as difference between mean monthly temperature (e.g. average values of January for all years) minus mean annual temperature, is prepared using SABER observations. Figure 4a, b shows the temperature anomaly for Mt. Abu and Reunion Island respectively for stratosphere-mesosphere system. Both hemispheres show similar temperature structure in stratosphere, which are higher during February to April and November months and marginally less in the months of August. Somewhat positive anomaly is found in the SH as compared to the NH in the months of December to February (winter period in the NH) within 50-70 km. These anomalies are reverse in nature during August and September months, represents positive value of anomaly in Mt. Abu as compared to Reunion Island. The NH (Fig. 4a) shows coolest temperature at ~85 km in the months of February, and this cooling is shifted at lower altitude from February to September months, which followed by a warmer anomaly trend. Almost similar features are visible in the SH at Reunion Island.
To understand the seasonal variation (e.g. winter, summer season) in both hemisphere, mean temperature during winter and summer for Mt. Abu and Reunion Island and their differences are shown in Fig. 5 . Winter and summer season used in this study are December-January-February and June-July-August months respectively in NH. For SH, June-July-August and December-January-February months are selected as winter and summer period respectively. During winter season, stratosphere is cooler over Mt. Abu. At stratopause, both stations show nearly same mean temperature, and in upper mesosphere Mt. Abu is warmer than Reunion Island. In summer season, Mt. Abu shows slightly higher temperature in stratosphere. Above this altitude, Mt. Abu shows cooler temperature within ~67 to 87 km, and further shows more warming as compared to Reunion Island. These results show that the NH is warmer and cooler in summer and winter season respectively as compared to SH in stratosphere, and opposite nature is found in upper mesosphere. This diverse nature may be due to large landmass and high low level warming in the NH. Figure 5 shows that both the hemispheres have systematic changes in middle atmosphere during two different seasons. This finding motivate us to further investigate the monthly variation of thermal structure. In addition to SABER observations, three different atmospheric models named as CIRA-86, Mass Spectrometer and Incoherent Scatter Radar Extended (MSISE-90) and Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar (NRLMSIS-00) are used to evaluate the thermal structure of atmospheric models. Figures 6 and 7 show the monthly mean temperature for Mt. Abu and Reunion Island respectively. To calculate monthly temperature, SABER observations and model simulations are used during year 2002 to 2015. Figures 6 and 7 show that model's simulated temperature profiles are in good agreement with SABER observations in both hemispheres up to ~30 km. The possible reason may be that various atmospheric sounder in microwave and infrared frequency are available from last few decades which provide temperature and moisture profiles, and very accurate in nature up to ~30 km. These satellite observations are used directly or indirectly in atmospheric models because of that quality of temperature sounding is improved a lot in troposphere and lower stratosphere. At upper stratosphere, slightly higher value of temperature are simulated from atmospheric models as compared to temperature observed from SABER. These differences are maximum in the months of March and April over Mt. Abu region (Fig. 6) and minimum in the months of November. Over Reunion Island, minimum changes are found in the month of June and these changes are higher in March, April and December months. It is interesting to note here that at these vertical levels, all selected atmospheric models show similar kind of warming in the NH, and no significant differences are found in monthly variations. But in case of SH, CIRA-86 model perform better in winter period compared to other two atmospheric models, and worse in summer season at upper stratosphere. In the upper mesosphere around 60 to 80 km, SABER shows minimum temperature for all months over different hemisphere. The differences between atmospheric model's simulations and SABER observations are very high in the months of January, February, and October to December (mainly winter period in NH). These differences are minimum during June to August months for same altitude. In contrary to these results in the NH, the SH (Fig. 7) shows less difference in model simulations and SABER observations at upper mesosphere (~60-80 km) except April, May and September to October months. Overall, we found that somewhat cooler temperature is seen in NH as compared to SH in upper mesosphere. In mesopause region, MSISE-90 and NRLMSIS-00 models are not able to capture temperature accurately for all months over the NH and SH, both models show similar kind of under-estimation at this altitude. But, CIRA-86 model simulated temperature values are close to SABER observations. Slightly more skill is found in the SH as compared to NH temperature at this altitude in the months of January and February. Tables 1 and 2 show the SABER observed and model simulated temperature at every 10 km start from 20 to 100 km. Table shows that Reunion Island has minutely higher (~2 K) temperature at 80 km in comparison to Mt. Abu. Maximum error in atmospheric models can be seen at high altitude, which is relatively higher in the NH (Table 1 ) as compared to the SH (Table 2) . In both hemispheres, slightly higher (~4 K) and lesser (~8 K) temperature are simulated from models at 20 and 90 km respectively. Temperature simulated from CIRA-86 is significantly less at 90 km as compared to MSISE-90 and NRLMSIS-00 atmospheric model in both hemispheres. Batista et al. (2009) also studied the seasonal thermal amplitude using 14 years of Lidar measurements and found noticeable differences in the temperatures observed from the MSISE-90 model. Similar kind of comparison are also found in this study when model temperature profiles are compared with SABER observations.
Characteristics of annual, semi-annual and quasi-biennial oscillations
To understand the nature of oscillations in NH and SH, the Lomb Scargle periodogram (LSP; Scargle 1982; Lomb 1976; Sivakumar et al. 2011) and Wavelet transform (Farge 1992; Das and Sinha 2008) techniques are used for SABER observations during year 2002-2015 in the stratospheremesosphere system. This study will help to distinguish the wave dynamics or wave features of the middle atmospheric region. Previously, Sivakumar et al. (2011) used LSP to study seasonal oscillations from Lidar observations over Reunion Island. The objective of this study is to establish resemblances and alterations over the NH and SH. Figure 8 shows the different oscillations viz. semi-annual (SAO), annual (AO) and quasi-biennial (QBO) oscillations at every 10 km start from 20 to 90 km for both locations selected in the NH and SH. At 20 km, Mt. Abu as well as Reunion Island show AO, which are stronger over Reunion Island. Interestingly, figure shows that SAO and QBO are exist in NH. SAO and QBO exist in SH but not significant at 95 % confidence interval. Except 50 and 60 km, both locations show AO. These oscillations are stronger in NH as compared to SH at 70-90 km. The QBO are dominant at altitude of 20-40 km over Mt. Abu region, whereas, these oscillations lie at 40 km over the SH (Fig. 8 ). Less than 6 months' oscillations are also observed in stratopause and lower mesosphere region. Overall, these results suggest that AO are dominated in both hemispheres as compared to SAO and QBO. The strength of AO is almost similar for both hemispheres in stratosphere, but more in upper mesosphere in NH. Contradictorily, SAO are stronger in SH as compared to NH. We also used every 1 km SABER temperature observations for oscillations studies using LSP from 20 to 90 km (figure not shown). It suggests that QBO are stronger in NH at 22 km. These oscillations also exist at 38 km but very less in amplitude for Reunion Island. The AO are not found in the range of 55-63 km in the NH, but the SH exhibits AO at these altitudes. Quarterly oscillations also exist in upper mesosphere in SH, which misses in NH.
Figures 9 and 10 show the wavelet transform at every 10 km from lower stratosphere to mesopause over Mt. Abu and Reunion Island respectively. Time series of SABER temperature observations are shown in lower panel, and upper panel shows corresponding wavelet spectra. The solid black line curve shows cone of influence and right panel shows power of oscillations and red dashed line shows confidence interval. Figure 9 and 10 show that AO are stronger at 20 km in both hemispheres at 95 % confidence interval. Mt. Abu shows SAO which are not very prominent in Reunion Island during selected time period. During year 2009, AO are not seen over Mt. Abu region at 20 km, however AO are significant in the SH for this period. Similar kind of oscillations are seen at 30 km in both the hemisphere, which also confirm by LSP analyses. Wavelet analyses also represent SAO and quarterly oscillations at this altitude which are not matches in the SH and NH. Wavelet spectra at 40 km shows AO and SAO at both selected locations, but QBO are seen significant over Mt. Abu region in the NH. Wavelet spectra very clearly demonstrate that AO are absent at 50 km in NH and SH and mainly dominated by less than annual periodicity. Similar features are also seen at 60 km, while SAO are noteworthy in SH as compared to NH at this altitude. In 70-90 km, Figs. 9 and 10 show that AO are significant at 70 km and these oscillations are not prominent at 90 km. We found a very interesting results for AO at 80 km, which shows that AO are significant mostly over Mt. Abu region but not dominated throughout the period in the SH at this altitude. However, SAO are more strength in southern region as compared to Mt. Abu. Overall, we found that both hemispheres are dominated by AO and SAO and these oscillations are different in nature at high altitudes (70 and 80 km).
Conclusions
In this study, two sub-tropical stations situated at Mt. Abu in the NH and Reunion Island in the SH are selected to distinguish the characteristics of middle atmosphere in different hemispheres. For this purpose, the SABER onboard TIMED satellite observations are used for thermal structure in stratosphere-mesosphere system during January 2002 to September 2015. Temporal variation of SABER observations in this period shows that stratopause temperature is warmer in Mt. Abu as compared to Reunion Island. Moreover, mean climatological behaviour of upper mesosphere shows that NH has higher temperature as compared to SH. Monthly climatology based on 14 years SABER observations shows that stratopause is warmer in NH, and cooler in upper mesosphere, as compared to SH. In general, stratosphere shows higher temperature over Mt. Abu compared to Reunion Island. The stratosphere sudden warming which are triggered from the NH Polar Regions and influence different latitudes depending upon their strength may be one of the reason for this anomalous behaviour. Monthly temperature anomaly shows that both hemisphere show identical temperature structure in stratosphere, with small positive anomaly at lower mesosphere in SH as compared to NH for the months of December to February. Mean temperature values during winter and summer season show that NH is warmer and cooler in summer and winter season respectively as compared to SH in stratosphere. Upper mesosphere shows a reverse nature. Three atmospheric models are also used to compare and contrast the vertical thermal structure for different months over both regions. Temperature simulated from these models matches well with SABER observations for lower stratosphere. Significant discrepancies are also seen in the mesospheric heights and differences are more pronounced over Reunion Island in the SH.
In addition to this, seasonal oscillations are studied using LSP and Wavelet transform techniques for stratospheremesosphere system which will help to distinguish the wave dynamics or wave features over these regions in the NH and SH. Results show that AO are stronger over Reunion Island at 20 km. The AO are found at both selected locations for all altitudes except 50 and 60 km. The QBO are dominant at 20-40 km over Mt. Abu region, and are exist at 40 km in SH. Overall, results suggest that AO are dominated in NH and SH as compared to SAO and QBO. The strength of AO is nearly similar in stratosphere, but strength of AO are more in NH as compared to SH in upper mesosphere. However, SAO are stronger in SH as compared to NH. Wavelet analyses found a very interesting results for AO at 80 km, which shows that AO are significant over Mt. Abu region, but are not dominated throughout the study period over the SH. However, SAO are more stronger in southern region.
